Globoid cell leukodystrophy (GLD; also known as Krabbe's disease) is a rapidly progressing hereditary autosomal recessive neurological disease. [1] [2] [3] [4] [5] [6] [7] GLD is one of a group of approximately 40 diseases known as lysosomal storage diseases (LSDs) that share common clinical and biochemical properties. The LSDs are a direct consequence of mutation(s) in the gene(s) involved in the generation of enzymes responsible for the turnover or transport of normal cellular metabolic components. As a consequence, the substrate of the defective enzyme accumulates within lysosomes of cells that use it in their metabolic processes and disrupts the normal biological pathway(s). Although they are individually rare, LSDs such as Tay-Sachs disease, Krabbe's disease, various mucopolysaccharidoses, and sphingolipidoses collectively occur in approximately 1 in 5000 live births, with an average life expectancy across the diseases of about 15 years. The incidence of Krabbe's disease, specifically, in the United States is 1 in 100,000 live births.
GLD is defined by the deficiency of the lysosomal enzyme galactocerebrosidase (GALC). GALC is responsible for lysosomal hydrolysis of several galactolipids, including galactosylceramide, a major sphingolipid of the white matter of the central nervous system, galactosylsphingosine (psychosine), and galactosyldigluceride. 4,8 -10 GALC deficiency results in the accumulation of psychosine, which results in apoptotic death of oligodendrocytes in the central nervous system and Schwann cells of the peripheral nervous system, and a markedly shortened life span in humans and animals with this disease.
The clinical manifestations of each lysosomal storage disease depend on the nature of the storage products and the organs affected. The pathogenesis of GLD is usually severe and rapidly progressive. Infants present with pronounced irritability, hypersensitivity to external stimuli, hypotonicity, blindness, and deafness. [12] [13] [14] [15] Human infants affected by Krabbe's disease show a rapid deterioration in a variety of mental and neuromotor skills. Krabbe-affected infants deteriorate rapidly, and survival beyond two years is uncommon. However, there is phenotypic variability in the age of onset and clinical signs in infants affected with GLD. The histopathological hallmark of this disease is the appearance of globoid cells in the white matter of the central nervous system, located predominantly around blood vessels. Globoid cells are composed of macrophages that have accumulated large amounts of glycolipids in their cytoplasm. In addition to the formation of globoid cells, there is extensive loss of myelin and astrocytosis in the white matter of the central nervous system. In peripheral nerves, axonal degeneration, fibrosis, and macrophage infiltration are often present. 16 Several animal models of Krabbe's disease have been described in species such as the mouse, dog, cat, sheep, and rhesus monkey. 4, 6, 11, [17] [18] [19] [20] [21] The rhesus monkey model represents the first reported observation of a lysosomal storage disease in any nonhuman primate species. The mutation causing the disease in the rhesus monkey has been identified as a 2-bp deletion at positions 387 and 388 in exon 4 that results in a frameshift and preliminary stop codon. 9 Newborn macaques homozygous for the gene defect appear normal at birth but decline rapidly. Clinical signs observed in affected animals include moderate to severe muscle tremors of head and limbs, ataxia, and hypermetria. Many of the affected animals develop pronounced tremors and difficulty ambulating, as well as respiratory difficulties including a double inspiratory effort. All of the affected animals have marked decreases in nerve conduction velocities. 22 The survival times of affected animals varies from less than one week to as long as 22 months.
The focus of our ongoing research in the nonhuman primate model is the development of a link between the observed clinical signs of disease and pathological alterations. Of particular interest is the origin and role, if any, of the globoid cells in disease pathogenesis. A number of neurodegenerative diseases, such as Alzheimer's disease, that were originally thought to have no inflammatory component, have been shown to be associated with activated macrophages/microglia that produce cytokines and chemokines that may play a role in disease pathogenesis. [23] [24] [25] [26] [27] [28] [29] Discerning a possible role of brain macrophages/microglia is dependent on an ability to differentiate populations of brain macrophages. Perivascular macrophages and parenchymal microglia are the two brain macrophage populations most commonly involved in response to CNS lesions. Perivascular macrophages include blood-derived monocytes that recently immigrated into the brain from the blood. Parenchymal microglia are the resident macrophages of the brain. They are derived from monocyte/macrophage lineage cells that enter the CNS early in development. 30 Perivascular macrophages and parenchymal microglia may be differentiated based on differential expression of myeloid markers in which expression of CD11b is shared, but perivascular macrophages uniquely express CD14 and CD45. [31] [32] [33] [34] [35] [36] In this study a detailed neuropathologic and immunohistologic characterization of the CNS lesions in the context of the neuromotor and behavioral deficits that occur in animals affected with Krabbe's disease is described. The origin of the globoid cells is defined, and it was demonstrated that activation of microglia/macrophages play a role in the progression of Krabbe's disease in the nonhuman primate model.
Materials and Methods

Animals and Clinical and Neurological Evaluation
All animals with Krabbe's disease and the controls were Indian-origin rhesus macaques (Macaca mulatta). Two of the affected macaques were males (EJ72, DH31) and one was female (EA75). Infants were kept with their mothers in appropriate caging equipped with various enrichment devices until disease progression warranted euthanasia. A commercial nonhuman primate biscuit was provided twice daily. Water was available ad libitum. Supplemental fruits and forage were provided throughout the week. The Tulane National Primate Research Center's (TNPRC) Institutional Animal Care and Use Committee approved all studies and procedures.
Animal weights were obtained, and a veterinarian performed a complete physical examination monthly. Nerve conduction studies and structural magnetic resonance images (MRIs) were collected monthly on all affected animals. 22 Motor maturity items on neurobehavioral assessment scales standardized for use with infant rhesus macaques [37] [38] [39] were used to assess affected infants through 10 months of age, provided their health status permitted testing. Scores were compared with scores obtained from 24 unaffected, normal rhesus infants at the TNPRC.
Tissue Collection
Animals affected with Krabbe's disease were euthanized on the advice of the attending veterinarian once the disease progressed to the point that the animal had difficulty swallowing/eating, significant and consistent weight loss, and/or respiratory difficulties. Macaques were humanely euthanized with an i.v. overdose of pentobarbital. Agematched tissues from three unaffected macaques of 2, 20, and 27 months of age were examined in parallel.
A complete necropsy was performed, and all tissues were collected immediately after euthanasia. Tissues were fixed in 10% neutral buffered formalin, processed routinely, embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin. Selected neural tissues were also stained with periodic acid-Schiff, Luxol Fast blue/PAS, Alcian Blue (pH 2.5) and Safranin O.
Tissues adjacent to those fixed in formalin were embedded in optimal cutting temperature compound (O.C.T.; Miles Inc., Elkhart, IN), snap frozen by immersion in 2-methylbutane in dry ice, and cut into sections 6 to 8 m thick for immunohistochemistry and confocal microscopy, and at 100 m for RNA extraction for PCR.
Immunophenotype of Cells in Krabbe-Damaged Brain
To evaluate neural lesions in affected animals and define the immunophenotype of cells involved, we used immunohistochemistry and multilabel confocal microscopy using specific cell markers. Single-label immunohistochemistry for myelin-producing cells (anti-CNPase, IgG1; Sigma, Saint Louis, MO), microglia (anti-IBA 1, polyclonal; Wako Pure Chemical Industries, Richmond, VA), astrocytes (anti-glial fibrillary acidic protein, IgG1; Sigma; and anti-peripherin, IgG2b; Novocastra Laboratories Ltd., Newcastle, UK), and neurons (anti-neuronal nuclei, IgG1, Chemicon, Temecula, CA) was performed as previously described by Borda et al 40 Tissue sections were incubated sequentially with the primary, cell-type-specific antibody for 60 minutes (monoclonal) or 30 minutes (polyclonal) at room temperature followed by biotinylated horse anti-mouse or goat anti-rabbit (Vector Laboratories, Burlingame, CA) secondary antibodies, respectively. Finally, sections were incubated with avidin-biotin complex for 30 minutes, and the reaction was visualized with 3,3Ј-diaminobenzidine (DAB; Dako, Carpinteria, CA) as the chromogen. 41 As a negative control, serial sections were processed identically using equivalent concentrations of irrelevant primary antibodies of the same isotype or preimmmune rabbit serum.
To evaluate more rigorously the immunophenotype of cells involved in neural lesions of affected animals, multilabel immunofluorescence and confocal microscopic analyses on formalin-fixed tissues and tissue samples embedded in OCT were performed as described previously by Williams and colleagues. 36 Tissues were cut into sections 6 to 8 m thick and fixed in 4% paraformaldehyde for 20 minutes. The monoclonal and polyclonal antibodies used for this analysis are listed in Table 1 .
For immunohistochemistry, brain sections were washed for 15 minutes in phosphate-buffered saline containing 0.2% fish skin gelatin (PBS-FSG), blocked with Dako protein block, and incubated with the primary antibody for 1 hour at room temperature. Sections were washed for 15 minutes with PBS-FSG incubated with the fluorescently labeled secondary antibody for 30 minutes at room temperature. Secondary antibodies were diluted in Dako antibody diluent at 1:1000 and included antimouse or anti-rabbit Alexa 488 (green), Alexa 568 (red), and Alexa 633 (far red) (all from Invitrogen, Carlsbad, CA). After antibody treatment, sections were washed twice for 15 minutes in PBS-FSG. Finally, the sections were rinsed in double distilled water (ddH 2 O) and mounted on coverslips with aqueous mounting medium. If a second primary antibody and/or a third primary antibody was used (double-label and triple-label) they were applied sequentially after the first primary antibody, and both or all were developed simultaneously. Some sections were stained with Topro-3 (Invitrogen) to delineate the nuclei of cells by incubation for 5 minutes at 1 g/ml followed by a PBS wash.
iNOS and CCL2 Staining
To identify the inducible nitric oxide synthase (iNOS)-and CCL2-expressing cells, a complete examination of affected and normal control brain was performed using immunohistochemistry and multilabeled confocal micros- To identify the iNOS-expressing cells, we used iNOS/ NOS type II monoclonal antibody (IgG2a; BD Biosciences, San Jose, CA) combined with the following markers for microglia/macrophage CD11b (IgG1; Novocastra Laboratories) and CD68 (IgG1; Dako Corporation), neurons NeuN (anti-neuronal nuclei, IgG1; Chemicon), astrocytes (anti-glial fibrillary acidic protein, IgG1, conjugated to Cy3; Sigma), and endothelial cells Glut1 (polyclonal; Chemicon).
iNOS Quantification
To evaluate and quantify the presence of iNOS, brain sections of affected animals and matched tissues from unaffected macaques were stained for iNOS using immunohistochemistry (iNOS/NOS type II, IgG2a; BD Biosciences). Sections were incubated with the primary antibody for 1 hour at room temperature, followed by biotinylated anti-mouse secondary antibodies 43 for 30 minutes. Finally, sections were incubated with avidinbiotin complex for 30 minutes, and the reaction was visualized with DAB 43 as the chromogen. For quantification of iNOS expression, images of ten randomly selected areas of 0.5 mm 2 were collected for each slide from each animal; five areas from gray matter and five from white matter. The images were collected using a Leica DM50 microscope with a SPOT Insight digital camera (Diagnostics Instruments Inc., Sterling Heights, MI). The light, exposure time, and magnification were kept constant to allow comparison among the tissues. Image analysis of the tissues was performed by measuring area and intensity of labeling for iNOS in the images with the NIH Image software (version 1.63), as we have described previously. 44 
Confocal Microscopy
Confocal microscopy was performed using a Leica TCS SP2 confocal microscope equipped with three lasers (Leica Microsystems, Exton, PA). Individual optical slices represent 0.2 m, and 32 to 62 optical slices were collected at 512 ϫ 512 pixel resolution. NIH Image (version 1.63) and Adobe Photoshop (version 7.0; Adobe Systems, San Jose, CA) were used to assign colors to the four channels collected: Alexa 568 is red, Alexa 488 is green, Alexa 633 appears blue, and the unlabeled tissue was visualized by differential interference contrast (DIC) and appears in gray scale. The four channels were collected simultaneously. In some tissues, to differentiate between individual cells, Topro-3 staining was performed to detect the nuclei. Colocalization of antigens was demonstrated by the addition of colors as indicated in the figure legends.
RNA Extraction and Real-Time SYBR Green One-Step RT-PCR
For mRNA quantification we used brain tissue (frontal, parietal, occipital cortices, and brain stem) collected from three Krabbe-affected and five control macaques. The levels of expression of TNF-␣ (tumor necrosis factor-␣), IL-1␤ (interleukin 1␤), iNOS, and CCL2 (monocyte chemotactic protein-1) were evaluated and quantified to assess their role in disease progression using total RNA extracted from ten (100-m-thick) cryosections from the cerebral cortex embedded in OCT using the RNeasy lipid tissue mini kit (QIAGEN Inc., Valencia, CA). DNA contamination was removed using the TURBO DNA-free Kit (PE Applied Biosystems, Foster City, CA). Gene expression for TNF-␣, IL-1␤, iNOS, and CCL2 was evaluated by quantitative real-time SYBR Green one-step RT-PCR assay (qRT-PCR). Each qRT-PCR (25 l) contained the following: 2ϫ Master mix without uracil-N-glycosylase (12.5 l), reverse transcriptase (0.25 l), target forward and reverse primer, and total RNA (200 ng) quantitated in a spectrophotometer based on A 260 /A 280 ratios. The PCR amplification was performed in the ABI PRISM 7700 Sequence Detection System (Applied Biosystems) using Table 2 . Primer Sequence, Concentration, and Product Size Used for qRT-PCR
Gene
Primer sequence
For-5Ј-TAGGAAGATCTCAGTGCAGAGGCT-3Ј 145 500 Rev-5Ј-GTCCATGGAATCCTGAACCCACTT-3Ј span styleϭ'font-family:
Symbol'b-Actin
ϳ400 nmol/L concentration of the following primers listed in Table 2 . PCR conditions were 50°C for 30 minutes, 95°C for 15 minutes followed by 40 repetitive cycles of 95°C for 15 seconds, 55°C for 30 seconds, 72°C for 30 seconds. As a normalization control for RNA loading, parallel reactions in the same multiwell plate were performed using ␤-actin mRNA. Quantification of gene amplification following RT-PCR was made by determining the threshold cycle (C T ) number for SYBR Green fluorescence within the geometric region of the semilog plot generated during PCR. Within this region of the amplification curve, each difference of one cycle is equivalent to a doubling of the amplified product of the PCR. The relative quantification of target gene expression across treatments was evaluated using the comparative C T method. The ⌬C T value was determined by subtracting the ␤-actin C T value for each sample from the target C T value of that sample. Calculation of ⌬⌬C T involved using the highest sample ⌬C T value (ie, sample with the lowest target expression) as an arbitrary constant to subtract from all other ⌬C T sample values. Fold changes in the relative gene expression of target was determined by evaluating the expression 2 Ϫ⌬⌬ CT .
Results
Clinical and Neurological Evaluation and Disease Progression
The onset of clinical signs and disease progression in Krabbe-affected rhesus macaques varied considerably despite the fact that all of the animals possess the identical genetic mutation. Clinical signs were first noted in animal EJ72 at 19 days of age. He was unable to cling to his mother with his legs. EJ72 showed the most rapid disease progression, resulting in his death at 52 days of age. Animal DH31 was noted to have very mild tremors with slowed nerve conductivity on EMG studies at 38 days of age. DH31 showed a much slower disease progression, surviving until 642 days of age. At 140 days of age, EA75 was noted to have mild to moderate tremors with difficulty grasping items. She too had a slow progression, surviving until 611 days of age. EMG analysis of all affected animals revealed a steady decline in nerve conductivity over time. 22 However, there were no remarkable findings on structural MRI studies. Affected animals consistently scored below agematched, unaffected peers on the motor items on Infant Neurobehavioral Assessment and Modified Bayley Scales ( Figure 1A ). Krabbe-affected monkeys exhibited progressive loss of use of their hind limbs and became dependent on their upper body to ambulate. Hands and feet were often kept clenched. Unlike either normal agematched animals or the other affected animals, EJ72 never made any age-appropriate vocalizations, and disease progression was very rapid. In addition, he did not exhibit the typical continuous body tremors but, rather, presented with moderate to severe clonic spasms. All affected animals struggled to maintain adequate body weights and fell below those of age-matched control animals throughout their lives ( Figure 1B) . As the disease progressed, one animal, EA75, was noted to have a left-sided deviation of the nose, suggestive of facial nerve paralysis. Likewise, DH31 presented with a right-sided deviation of the nose, as well as exophthalmia of the left eye shortly before death. It is important to note that the clinical signs and disease progression observed in these animals have been observed in every Krabbe-affected (homozygous for mutated GALC) animal born in our colony.
Gross Pathology
The brain from Krabbe-affected macaque EA75 compared with EJ72 and DH31 was slightly atrophic and firm when sectioned. The gray matter was normal, and the white matter appeared reduced in volume. The ventricles were slightly dilated, and there was no evidence of cerebellar hypoplasia or atrophy. This finding indicates that there are variable patterns of abnormalities in the brain of affected macaques and that morphological changes were more prominent in EA75, one of the slow progressor macaques, compared with EJ72 and DH31. The MRI report of macaque EA75 also indicated white matter changes characterized by increased T2 signal associated with the posterior horns of the lateral ventricles, more prominent on the left side than on the right side.
Histopathology
The histological examination of the brain of all affected macaques revealed moderate to severe accumulation of globoid cells in the white matter throughout the CNS, pathognomonic of globoid cell leukodystrophy. The lesions were most severe in the rapidly progressing animal (EJ72) but were identical in character among all animals. The globoid cells were primarily in the white matter of the brain, spinal cord (cervical, thoracic, lumbar, and sacral), and optic nerves and tended to cluster around blood vessels (Figure 2A ). Many of these cells were mononuclear, whereas others were multinucleated with fine, granular periodic acid-Schiff-positive cytoplasm ( Figure  2B ). In addition to an accumulation of globoid cells, the white matter was characterized by gliosis and demyelination ( Figure 2, C and D) . In contrast to the lesions in the white matter, the gray matter appeared normal in all animals.
Immunophenotypic Characterization of Krabbe Brain
To define the cell types involved in the neuropathology of Krabbe's disease, multilabel confocal microscopy was performed using multiple cell-type specific markers for monocyte/macrophages, parenchymal microglia, neurons, endothelial cells, astrocytes, and oligodendrocytes (Table 1) . The globoid cells around the microvasculature of the white matter demonstrated uniform immunoreactivity for multiple monocyte/macrophage markers: HAM56, CD68, CD163, and LN5 (Figure 3, A-D) . The globoid cells also showed strong expression for IBA-1 and weak expression of Glut-5 ( Figure 4, A and B) , two antigens thought to be primarily on parenchymal microglia rather than blood-derived monocyte/macro- phages. 45, 46 CD163 ϩ and LN5 ϩ cells were also observed in perivascular, choroid plexus and meningeal spaces, representing resident macrophages of these specific compartments. IBA-1 and CD11b were also expressed by ramified and ameboid microglia (Figure 4 , C and D). The ameboid microglia and globoid cells were also found to express both CD68 and HLA-DR, indicating that they were activated ( Figure 5, A and B) . MAC 387-and MRP8-positive cells, although rare, were identified in the lumen of capillaries in both white matter and gray matter, but no such cells were observed in the brain parenchyma (data not shown).
The presence of ameboid microglia and expression of HLA-DR by parenchymal microglia, macrophages, and globoid cells at levels easily discernible by routine immmunohistochemistry was strongly suggestive of immune activation. Therefore, we examined iNOS expression using a specific antibody to iNOS/NOS type II. Although there are several different types of nitric oxide synthase, expression of the inducible form (iNOS) occurs after cells are activated by inflammatory cytokines such as TNF-␣, IFN-␥, and IL-1. 47, 48 In the Krabbe-affected animals, immunohistochemical detection of iNOS revealed intense expression in affected areas (white matter) but not in normal brain areas (gray matter). The iNOS-expressing cells were morphologically compatible with globoid cells, macrophages, microglia, and astrocytes. Double-label immunofluorescence demonstrated that iNOS protein colocalized with CD11b ϩ , CD68 ϩ , and GFAP ϩ cells (Figure 6A-C) . No colocalization was observed with NeuN ϩ and Glut1 ϩ cells (neuron and endothelial cell markers, respectively).
The quantification of iNOS expression using image analysis revealed that the Krabbe-affected macaque brains contained as much as 60 times more (fold range 2-60) iNOS than did the age-matched normal counterpart. The integrated density (product of the area of positive iNOS stain multiplied by the intensity minus background) was used in all comparisons. The iNOS expression in affected macaques was detected mainly in the white matter and was elevated, on average, 7.5-fold compared with levels in gray matter. In addition, the expression levels of iNOS were determined to be 2.5 times higher in the white matter of the rapidly progressing animal compared with the iNOS production in the white matter of the two slower-progressing animals ( Figure 6D ). ease. 49 -51 In this study immunohistochemical staining for CCL2 was detected in the affected white matter throughout the demyelinating area, in cells morphologically consistent with astrocytes. The area of the lesion also contained a large number of globoid cells, macrophages, and astrocytes. Double-labeled immunofluorescence using CCL2 and GFAP confirmed the astrocytic phenotype of some of these cells, but many others with the same morphology were negative for GFAP ( Figure 7A ). To define the immunophenotype of the CCL2
ϩ GFAP Ϫ cells, we used antibodies to CCL2 combined with antibodies to peripherin. Peripherin is a type III intermediate filament that is inversely expressed with GFAP in astrocytes and has previously been demonstrated to be expressed by astrocytes in macaques in areas of inflammation. 42 This process confirmed that most of the CCL2 ϩ cells were peripherin-positive astrocytes ( Figure 7B) . No CCL2 ϩ cells were observed in the white matter of normal brain.
Gene Expression in the Brain of KrabbeAffected Macaques
To explore further a possible relationship between immune activation and neuropathology associated with Krabbe's disease, gene expression levels of selected cytokines and chemokines generated by macrophages including TNF-␣, IL-1␤, iNOS, and CCL2 were examined using qRT-PCR. Individual fold changes in gene expression, calculated as described in Materials and Methods for TNF-␣, IL-1␤, iNOS, and CCL2, are shown in Table 3 . Figure 8 shows averaged group-wise fold differences for TNF-␣, IL-1␤, iNOS, and CCL2, in the frontal, parietal, and occipital cortices and brain stem of affected and control macaques.
In affected macaques, a statistically significant (P Ͻ 0.0001) increase (ϳ221-fold) in CCL2 gene expression was observed in the brain of Krabbe-affected macaques Figure 7C ). In addition, the gene expression of TNF-␣ and IL-1␤ in the brain of Krabbe-affected animals differed significantly from that of control animals (P Ͻ 0.0038). Although iNOS levels were increased in the Krabbe-affected animals, the observed difference was not statistically significant from that in control macaques (Table 3) .
Discussion
The TNPRC has previously documented a genetic galactocerebrosidase (GALC) deficiency in a colony of rhesus macaques, an animal model that is essentially genetically equivalent to the human disease. 9 The rhesus macaque model of GLD has a high degree of clinical similarity to the human disease; however, a complete characterization is necessary to address unanswered questions regarding disease pathogenesis and to determine whether there are any species-specific differences in the characteristics of lysosomal hydrolases, their distribution in tissues, the nature of stored metabolites, and the organs affected. 4, 9, 52 GALC is a lysosomal hydrolase that normally degrades galactolipids involved in myelin production. Therefore, in the absence of functional GALC, there is an accumulation of galactosphingolipids including psychosine, which is highly toxic to oligodendrocytes. In other species with GALC deficiency, such as the human, dog, cat, mouse, and sheep, psychosine has been shown to accumulate during active myelination, resulting in toxicity and death of oligodendrocytes and scarcity of myelin.
In these Krabbe-affected macaques the clinical manifestations of disease were characterized by continuous body tremors, spasticity, hypermetria, proprioceptive deficits, and weakness with progressive demyelination of the PNS and neurodegeneration of the CNS. Affected peripheral nerves were abnormally thick, showing histological evidence of a severe demyelinating polyneuropathy characterized by an absence of myelin, demonstrated by Luxol Fast blue, and anti-myelin/oligodendrocyte-specific protein and reduced nerve conductivity previously reported by Weimer. 22 In the CNS of most species affected with Krabbe's disease, including macaques, the histological hallmark is the accumulation of globoid cells. In macaques the accumulation of globoid cells is very prominent around the microvasculature and is associated with demyelination, severe gliosis (confirmed by overexpression of GFAP), and, as shown here, the presence of activated macrophages and microglia along with overexpression of iNOS and CCL2.
The cellular origin of the globoid cells is open to debate. Some authors support a hematogenous origin, describing the presence of perivascular mononuclear cells that are CD68-ferritin-and periodic acid-Shiff (PAS)-positive, containing undigested galactosylceramide. 8, 53 Other investigators suggest that the multinucleated globoid cells are derived from perivascular microglia. 54 Perivascular macrophages have relatively short half-lives in the CNS and, as such, are continuously repopulated by blood-derived monocyte/macrophages. Parenchymal microglia are the resident macrophages of the brain. They are derived from monocyte/macrophage lineage cells that enter the CNS early in development and are replaced from the periphery very slowly if ever. 30 In this study, globoid cells around the microvasculature of the white matter were positive for both monocyte/ macrophage markers (CD68, HAM56, LN5, CD163) and microglial markers (IBA-1 and Glut-5) suggesting that the origin of globoid cells is from both perivascular macrophages and resident microglia.
The data also indicate that CD11b ϩ cells (microglia and macrophages) show strong expression of HLA-DR in affected areas, suggesting that the macrophages and microglia are activated in Krabbe-affected brain. This finding suggests a role for activated macrophages/microglia in the pathogenesis of globoid cell leukodystrophy. It is possible that this activation contributes to, or exacerbates, myelin pathology and perhaps neuronal loss, as has been reported in other CNS diseases (eg, AIDS). [55] [56] [57] Microglia/macrophages may be activated after myelin breakdown, perhaps due to the role of macrophages/microglia in the clearance of myelin breakdown products. 58, 59 TNF-␣, IFN-␥, and IL-1␤ have been demonstrated to induce iNOS expression, and CCL2 is a potent chemokine for recruitment of monocytes. [47] [48] [49] 60 TNF-␣, IFN-␥, and IL-1␤ can also facilitate the recruitment of leukocytes. The culture of rat astrocytes with psychosine resulted in the production of the proinflammatory cytokines IL-1␤, TNF-␣, and IL-6. 10 In the twitcher mouse model of Krabbe's disease, TNF-␣, IL-6, and the chemokines have been shown to be expressed at high levels and may indicate the involvement of an inflammatory process in disease pathogenesis. 61, 62 Multiple reports also suggest that macrophages/microglia may contribute to white matter injury by releasing toxic molecules such as TNF-␣, complement, and nitric oxide, [63] [64] [65] [66] [67] [68] which are known oligodendrocyte toxins. Normally, iNOS is undetectable in brain tissue; in contrast, high levels of iNOS have been observed in the CNS of animals under experimental pathological conditions, such as experimental hepatic encephalopathy (HE) or experimental meningitis in rat. 69 -71 Immunohistochemical analysis of brain tissue of human Krabbe patients established that iNOS-expressing cells in CNS were astrocytes. 72 However, data from the studies presented in this article indicate that the iNOS-producing cells were CD11b ϩ , CD68 ϩ , and GFAP ϩ (microglia, macrophages, globoid cells, and astrocytes). iNOS is a potent vasoactive molecule and, similar to other neurodegenerative disease processes, seems to be a major instigator of disease progression. 60 Moreover, a strong association between the massive accumulation of globoid cells, increased expression of HLA-DR and iNOS, and the upregulation of CCL2 in brain tissue of Krabbe-affected macaques was detected in these studies. The expression of CCL2 was exclusively observed in astrocytes expressing GFAP or peripherin but predominantly observed in peripherin-positive astrocytes. Previous work has demonstrated that peripherin expression is not observed in the brains of normal macaques but is inversely expressed with GFAP in astrocytes in close proximity to inflammatory lesions. 42 The expression of CCL2 predom- inantly by peripherin-positive astrocytes provides further support to the notion that the pathogenesis of Krabbe's disease includes an inflammatory component. The production of CCL2 (as well as other possible chemotactic stimuli) from astrocytes may be responsible for the recruitment and accumulation of monocytes/macrophages in the affected brain contributing to the disease pathogenesis and variable disease progression observed in rhesus macaques, despite all affected animals having the identical defined genetic defect in GALC. The findings of severe peripheral neuropathy and progressive neurodegeneration in conjunction with the pathological and immunohistological findings (demyelination, gliosis, cellular immune activation, and high expression of iNOS) in the Krabbe-affected macaques, all of which are similar to those found in CNS and PNS of affected humans, suggest that this primate model serves as an invaluable tool for studies of this rare human genetic disorder.
Unlike the twitcher mouse model, Krabbe-affected rhesus macaques showed increased expression of the cytokines TNF-␣ and IL-1␤ and the chemokine CCL2 (Table  3 , and Figures 7C and 8) . No statistically significant increases in gene expression were observed for iNOS. The discordance between gene expression and immunostaining observed for iNOS can be explained based on the high protein expression of iNOS observed in the rapidly progressing macaque (EJ72). However, this animal was not used for iNOS gene expression studies because of the lack of brain tissue preserved in a manner compatible for RNA extraction. It is important to note that results found with the limited numbers of end-stage Krabbe-affected animals analyzed in this study may not be representative of the results that would be obtained from performing a longitudinal study of a large number of animals. It is plausible to conclude that the levels of the inflammatory cytokines and chemokines may decline as the animal progresses into late-stage Krabbe's disease. Thus, the data presented here represent only a snapshot of cytokine levels observed at a single stage of disease progression in the macaques.
The value of the rhesus macaque model of Krabbe's disease lies in the fact that it has been shown from genetic, morphological, physiological, hematopoietic, immunological, and developmental perspectives that monkeys are most similar, when compared, to humans and are, therefore, an essential and appropriate animal model of human development and disease. These similarities include spatial and temporal pattern of organ development, placental structure, length of gestation, growth characteristics, and hematopoietic and immune system ontogeny. In addition, the CNS of non-human primates, in which therapeutic interventions for Krabbe's disease would be tested, has proven to be an ideal model for neurological studies in humans. In terms of the development of disease pathology, the timing of myelination during development is very similar between rhesus macaques and humans. Large animal models such as the dog or monkey permit insight into the pathophysiology of disease because of their ability to be analyzed using magnetic resonance imaging (MRI). Similarities have been found between the MRI T-1 and T-2 values of the human and non-human primate, specifically macaque, brain. 73, 74 As such, we can study the pathophysiology of Krabbe's disease from onset in the fetus through the establishment of severe disease. In the characterization of both the dog and monkey models of Krabbe's disease, MRI has been a central tool for analysis. 4, 6 Moreover, the high degree of similarity between the human and macaque CNS may make MRI analysis more relevant in the rhesus model of Krabbe's disease.
As the numbers of animals in the colony increase, a more complete analysis of the pathogenesis and the role of immune activation in progression of Krabbe's disease in the rhesus macaque model will be performed. The rhesus model will also provide the opportunity to assess the role of accessory genes (eg, CCL2 or iNOS) in the variable disease progression of disease despite the identical genetic defect in all animals.
